A sediment sequence from a small forest lake in southwestern Sweden was investigated to explore the effects of forestry and land-use on catchment erosion and delivery of organic and minerogenic matter to the lake. Catchment-scale vegetation changes during the last 1,100 years were reconstructed quantitatively at 50-year resolution using pollen analysis and the Landscape reconstruction algorithm (LRA). Variations in terrestrial organic matter input to lake sediments were assessed by total organic carbon (TOC) content and carbon to nitrogen (C/N) ratios. Changes in minerogenic matter were analysed using X-ray fluorescence (XRF) scanning. The results show that Skogaryd was not intensively used for agriculture throughout the past 1,100 years, but its land-use changes were very sensitive to societal changes. Between ca. ad 950 and 1350, local land-use was characterized by small-scale agricultural activities associated with the Medieval expansion, and enhanced soil erosion was recorded by increased K, Ti and Rb deposition. Around ad 1350 much of the farmland was abandoned, most likely in response to outbreaks of plague. The abandonment of farmland caused increased coniferous woodland cover and lower soil erosion. From the 16th century land-use expanded and gradually intensified, concurrent with a population increase documented in the study area between ca. ad 1600 and 1850. Intensive exploitation of the forest led to soil erosion and increased terrestrial organic and minerogenic matter export to the lake. These processes peaked with the artificial drainage of a nearby wetland for agricultural purposes. During the 20th century, modern forestry management started with the plantation of conifers, and soil erosion declined.
Introduction
Human activities including agriculture, forest clearance and industrialization have been the main cause of vegetation changes during the past 1,000 years in Europe. The population experienced several phases of growth and decline during this period. Population growth led to the expansion of agricultural land and increased erosion, which resulted in generally increased detrital input to lakes (Williams 2000; Boyle 2001; Koinig et al. 2003; Bragée et al. 2013 ). The increased detrital input associated with more intensive land use caused eutrophication and increased aquatic primary productivity in lake waters (Neumann et al. 2002; Routh et al. 2004; Köster et al. 2005; Li et al. 2008) . During periods of population decrease, lake ecosystems may return to natural conditions, but such recovery can take decades or even centuries (Haas et al. 2019) , and if critical thresholds have been crossed, the ecosystem may never return to the preimpact state (Duarte et al. 2009; Randsalu-Wendrup et al. 2016 ). Long-term records of vegetation and aquatic environmental changes at centennial to millennial time scales are therefore essential for the assessment of ecosystem dynamics in response to early and recent anthropogenic disturbances, and such data have significance for nature conservation (Willis and Birks 2006; Mazier et al. 2015) . Since lake sediments are influenced by terrestrial input, it is possible to reconstruct environmental changes in lake catchments based on multi-proxy analysis of continuous lake sediment records (Koinig et al. 2003; Meyers 2003; Klamt et al. 2017) .
The long-term history of human impact on vegetation can be reconstructed by means of pollen analysis. However, it is difficult to quantify vegetation dynamics based on pollen percentages without taking the difference in pollen productivity and dispersal into consideration. Thus, the Landscape reconstruction algorithm (LRA) has been developed to quantify vegetation cover based on pollen assemblages, pollen productivity and dispersal (Sugita 2007a, b) . The LRA is dependent on two models, REVEALS (Regional Estimates of VEgetation Abundance from Large Sites), which is used to estimate regional vegetation composition (Sugita 2007a) , and LOVE (LOcal Vegetation Estimates), which is used to estimate local vegetation composition in the same region (Sugita 2007b) . Over the last decade, frequent applications in Europe have shown that LRA gives a better estimate of past land cover and can discriminate between local and regional changes (e.g. Nielsen and Odgaard 2010; Overballe-Petersen et al. 2013; Cui et al. 2013 Cui et al. , 2014 Hultberg et al. 2015; Mazier et al. 2015; Mehl et al. 2015; Abraham et al. 2017; Fredh et al. 2017 Fredh et al. , 2019 Hjelle and Lødøen 2017) . Hence, the application of LRA makes it possible to quantify past local land-use changes.
The Skogaryd Research Catchment (SRC) station was established with the aim of improving the understanding of the roles of greenhouse gas balances and other biogeochemical cycles for regulating ecosystem services in the forested regions of the hemiboreal zone (https ://gvc.gu.se/engli sh/ resea rch/skoga ryd). A range of field experiments and monitoring series are in operation to characterize and quantify greenhouse gas balances, including carbon and nitrogen exchange between land and atmosphere (e.g. Klemedtsson et al 2010; Rütting et al. 2014; Tarvainen et al. 2014) , land and water (e.g. Chmiel et al. 2016; Campeau et al. 2018) and water and atmosphere (e.g. Kokic et al. 2016; Wallin et al. 2018) . However, there is no long-term monitoring data available beyond the last few decades. Documentation of prehistoric remnants, property maps, ownership changes and forestry accounts around the SRC indicate that large changes in land-use have taken place during the recent centuries (Hill 1999) , affecting geochemical cycling in the area. It will be beneficial for contemporary studies to understand the history of agriculture and forestry in the SRC, and its consequences for biogeochemical processes, particularly the carbon cycles in a long-term perspective. In this study, we explore how land-use changes (e.g. forestry, agriculture, drainage patterns) have affected soil erosion in the catchment and nutrient input to the lake, through pollen analysis and catchment-related geochemical proxies obtained from the sediments from lake Skottenesjön in the SRC. The catchment-scale land-cover changes, in response to human impacts during the last 1,100 years, were reconstructed in quantitative terms through the application of LRA to pollen records. The soil erosion history and air-borne pollution were studied using the elemental intensity of K, Ti, Rb and Zn through X-ray fluorescence, and the organic matter content in the sediment and the relative proportion of terrestrial organic matter input were assessed by the total organic carbon content (TOC) and carbon-to-nitrogen (C/N) ratio.
Site description
Lake Skottenesjön (58° 21′ N, 12° 08′ E) ( Fig. 1) is an elongated lake located downstream of SRC, in the county of Västra Götaland, southwestern Sweden. The lake is situated at an altitude of 60 m above sea level and has a surface area of 72 ha (Natchimuthu et al. 2016 ) with a maximum water depth of 6 m close to the inflow from Lake Gundlebosjön in the east, gradually shallowing towards the outflow in the west. Lake Skottenesjön has its main inflow from Lake Gundlebosjön and a few smaller streams and ditches, including the main ditch through the wetland Följemaden, draining the Skogaryd catchment.
Skogaryd is located in the hemi-boreal region (SITES 2015) . The study area has a mean annual temperature of 6.2 °C and a mean annual precipitation of 709 mm according to the Vänersborg weather station, which is located 12 km east of Skogaryd. The catchment is mostly covered by mixed coniferous forest (Picea abies and Pinus sylvestris) with patches of farmland distributed along the shore of Lake Skottenesjön.
There are documentary records of human activities in the Skogaryd area since the mid-1600s, and several shifts in the land ownership, which could have an important influence on the land use, have been recorded since then (Hill 1999) . The study area belonged to the local farmers at the farm Skottene prior to ad 1692, and was owned by the crown between ad 1692 and 1738 (Hill 1999) . From ad 1738, the right to use the forest in this area was leased to a steel factory, Kollerö Bruk, established in the early 1700s as the first steelworks in western Sweden (Hill 1999) . From ad 1887, the right of land use by Kollerö Bruk was withdrawn (Hill 1999) . In the 1870s, the central wetland Följemaden was partly drained by the establishment of the main ditch entering Lake Skottenesjön (Hill 1999) . The drained mire was used for cultivation of oats while surrounding areas were used for pasture for a dairy farm (Hill 1999) . The study area is part of Väne-Ryr Parish, and population data from ad 1571 to 1966 show that the population was steadily increasing between ad 1571 and 1880 and started to decline in the 20th century (Palm 2000) . In terms of cultural landscape history before the historical records, the region is relatively little studied. Fries (1951) produced a transect of pollen diagrams from the wider region and two of them are located between Stora Hästefjorden and Vänersborg ( Fig. 1 ). These diagrams are not well dated, but in general, they indicate that the degree of human impact was low in the sites near our study region, compared to those at further west by the coast of Sweden. 
Materials and methods

Sampling
A 4.6 m long sediment sequence was retrieved from the western part of Lake Skottenejön close to the inlet of the main ditch at a water depth of 190 cm using a Russian corer (chamber length 1 m; 75 mm in diameter) in January 2016. The core was collected with overlaps of approximately 60 cm between successive 1 m sections. The core segments were carefully correlated based on visible lithological changes and magnetic susceptibility (Thompson et al. 1980 ). The entire sediment sequence was subsampled contiguously at 1 cm intervals. The soft water-sediment interface and uppermost part (17 cm) were sampled with an HTH gravity corer with an inner diameter of 66 mm (Renberg and Hansson 2008) and subsampled at 1 cm intervals. The correlation between the uppermost Russian core segment and the gravity core sample sequence was based on C/N ratios.
Another 1.8 m long sediment sequence was retrieved from the larger Lake Stora Hästefjorden (842 ha) located 5 km to the north of Lake Skottenesjön in May 2016. This sequence was used for pollen analysis and determination of regional land cover changes through the application of REVEALS in the LRA approach (Sugita 2007a) .
210
Pb and 14 C dating
Fifteen freeze-dried samples from the uppermost part of the Lake Skottenesjön sediment sequence and 14 from the Stora Hästefjorden sequence were submitted to the Environmental Radiometric Facility, University College London for the analysis of 210 Pb, 226 Ra, 137 Cs and 241 Am activity by direct gamma assay using an ORTEC HPGe GWL series welltype coaxial low background intrinsic germanium detector. Dates were determined using the constant rate of 210 Pb supply (CRS) model (Appleby 2001) .
Accelerator-mass-spectrometry (AMS) 14 C dating of terrestrial plants remains was applied for dating of the lower sections of the sediment sequences beyond the reach of 210 Pb dating. Sediment sections from selected levels in the Russian cores were wet sieved, after which terrestrial macroscopic plant remains were carefully picked out under the microscope at × 15 magnification. Eight samples from Skottenesjön and four from Stora Hästefjorden were dated at the Radiocarbon Dating Laboratory, Department of Geology, Lund University (Table 1) . All 14 C dates were calibrated using the IntCal13 radiocarbon calibration dataset (Reimer et al. 2013) . The age-depth models of the whole sediment sequences were established based on the combination of 210 Pb and 14 C dates in the R-code CLAM (Blaauw 2010) .
Pollen analysis and landscape reconstruction
A total of 29 sediment samples (1 cm 3 in volume) from Skottenesjön and 21 from Stora Hästefjorden were collected for pollen counting from the gravity cores and the uppermost Russian core segments which cover the last 1,100 years. The samples were prepared following the standard acetolysis method (Berglund and Ralska-Jasiewiczowa 1986) . In each sample, at least 1,000 pollen grains were counted under an Table 1 Accelerator-mass-spectrometry (AMS) 14 C dates from Lake Skottenejön and Lake Stora Hästefjorden LuS lund university radiocarbon dating laboratory a14 C dates were calibrated using the IntCal13 radiocarbon calibration dataset (Reimer et al. 2013 Olympus BX41 microscope at ×400 magnification at the Department of Geology, Lund University. Pollen counts at an interval of approximately 50 years were later converted to the estimated percentages of vegetation composition to reconstruct land-use changes through the application of REVEALS and LOVE in the LRA model. REVEALS estimates require pollen records from a large lake (> 100 ha) to reconstruct regional vegetation cover (Sugita 2007a) . This was then used in the LOVE model (Sugita 2007b) to distinguish the regional pollen deposition from the local at the smaller target site. Therefore, pollen counts from Lake Stora Hästefjorden were used in the REVEALS model for estimating the regional vegetation composition. Thereafter, the regional vegetation estimates together with the pollen counts from Lake Skottenesjön were used in the LOVE model to estimate the vegetation composition within the local pollen catchment. The pollen dispersal model underlying the LRA assumes that wind above the canopy is the dominant vector for pollen transport. Lake Skottenesjön, which has an inflow from the east and a few small streams ( Fig. 1) , is not a closed basin so it is to be expected that some pollen also arrives at the lake by water (Tauber 1977) . However, the coring site is located in the western basin of the lake, far away from the inflow, and most of the small streams are connected to the eastern basin of the lake. Furthermore, the lake is shallowing towards the west, so it's very likely that most waterborne pollen is sedimented in the eastern part of the lake and does not reach the coring site. Therefore the use of the LOVE model was based on the assumption that the pollen at the coring site is predominantly derived from atmospheric sources. The programs REVEALS.v5.0 and LOVE.v5.1 were used for REVEALS and LOVE analysis respectively (Sugita unpublished) . The LRA modelling was carried out based on 25 selected taxa which represent more than 90% of the pollen in the pollen records and have reliable estimates of relative pollen productivity (RPP) for the study region. The RPP estimates and fall speeds of pollen applied in the LRA analysis are shown in Table 2 . The lake area was assumed constant, atmospheric conditions were assumed to be neutral and the wind speed was set to 3 m/s throughout the studied time period.
Geochemical analyses
K, Ti and Rb within the XRF data set are chosen to assess changes in minerogenic input to the lake due to erosion, as they are associated with clay minerals and are frequently used as indicators of detrital input in the lake sediments (e.g. Das and Haake 2003; Koinig et al. 2003; Balascio et al. 2011; Kylander et al. 2011; Aufgebauer et al. 2012; Lu et al. 2017) . Zn is also included as it is an important airborne pollutant that could be derived from mining, burning coal and gasoline, the dust from automobile tyres and industrial waste (Shotyk 1996; Espi et al. 1997; Olid et al. 2010 ). The surface-cleaned sediment core sections from Skottenesjön were analysed for X-ray fluorescence (XRF) using an Itrax Core Scanner at the Natural History Museum of Denmark, Copenhagen. The XRF scanner was operated at 50 kV and 30 mA with a count time of 35 s and a step size of 1,000 µm. The average intensity of each element was calculated at every centimetre (e.g. the average of 10 measurements) based on micro-XRF elemental profiles. The elemental data produced by ITRAX are qualitative, and the results are presented as counts per second (cps) (Croudace et al. 2006; Davies et al. 2015) . TOC content of lake sediments reflects the amount of organic matter in the lake sediments. Aquatic organic matter generally exhibits lower C/N ratios than terrestrial organic matter, so increases in C/N ratio indicate higher input of terrestrial organic matter to lake sediments (Meyers 1994; Guilizzoni et al. 1996) . Thus, TOC content and C/N ratio are used to reflect variations in amount and composition of organic matter in the lake sediment attributed to enhanced soil erosion associated with human activities. Each subsample of the top 52 cm of the sediment sequence was analysed for bulk organic carbon content (TOC) and total nitrogen content (TN). We assumed that there was no carbonate (inorganic carbon) present in the lake sediment since the lake and its catchment are situated on crystalline bedrock with acidic soils. Subsamples were freeze-dried, homogenized and weighed, followed by analysis using an elemental analyser (Sercon SL, Sercon Ltd) at the Department of Earth Sciences, Gothenburg University. Based on a cross plot of TOC and TN data (Talbot 2001) , inorganic nitrogen was insignificant except in the topmost four samples. The C/N ratios were calculated using the weight percentages of C and N, which were then converted to atomic ratios by multiplying by 1.167 (Meyers and Teranes 2001) .
Results
Chronology
The age-depth models of the sediment sequences from Skottenejön and Stora Hästefjorden were established based on the 210 Pb and 14 C dating (Fig. 2) . The sediment sequence of Skottenejön spans from ca. 9,400 cal bp to the present. A rapid accumulation with an average sedimentation rate of 0.17 cm/year is indicated from the beginning of lake sediment accumulation after isolation from the sea at 9,000-10,000 bp (Björck and Digerfeldt 1991; Sveriges Geologiska Undersökning (SGU) 2016). The sediment accumulation rate was rather constant (around 0.04 cm/ year) from ca. 8,900 to 2,300 cal bp. From ca. 2,300 to ca. 200 cal bp, the sediment accumulation rate decreased to ca. 0.02 cm/year, followed by a rapid increase to 0.25 cm/ year over the last ca. 250 years. The sediment sequence of Stora Hästefjorden spans from ca. 8,000 cal bp to the present, and has a rather constant accumulation rate of around 0.01 cm/year from ca. 8,000 to 2,500 cal bp. From ca. 2,500 to 1,500 cal bp, the sediment accumulation rate increased to 0.03 cm/year, followed by a drop to 0.02 cm/year after ca. 1,500 cal bp, and then increased very rapidly over the last ca. 150 years. The very high accumulation rates in the top part of both sediment sequences are primarily attributed to less compacted sediments. In the following, the ages are referred to as calendar years ad, as the study focuses on the most recent millennium. Fig. 1) . The estimated vegetation cover shows a much higher degree of landscape openness than the original Non-Arboreal Pollen (NAP) percentages. Additionally, pronounced changes in the forest composition are observed when comparing with original pollen percentages. The diagram of estimated vegetation cover (Fig. 3) demonstrates that Picea was the major species during most of the study period. Open land associated with human activities including deforestation, cultivation and animal grazing covered approximately an average of 44% of the studied landscape, with variations in the different land-use periods. The relevant source area of pollen (RSAP) estimates Fig. 2 Age-depth models based on the combination of 210 Pb and 14 C dates in the R-code CLAM (Blaauw 2010); a agedepth model for the sediment sequence from Lake Skottenesjön. b Age-depth model for the sediment sequence from Lake Stora Hästefjorden. Details of the radiocarbon dates are given in Table 1 from LRA-LOVE range from 250 to 2,000 m, with the highest values occurring in the late Medieval period and the 19th century (ESM 2). However, the RSAP has to be interpretated cautiously since only one lake is used in the LOVE analysis. The standard errors of the vegetation cover estimates are also included in the Supplementary Material (ESM 2).
Land cover reconstruction
Zone I (ca. ad 950-ca. 1350)
This zone can be divided into two sub-zones. In Zone I-a (ca. ad 950-ca. 1350), nearly 67% of the relevant pollen source area was covered by woodlands and a substantial increase is seen in conifers, particularly for Picea from 9 to 42%. In contrast, deciduous trees cover decreased from 61 to 10%, particularly for Quercus from 16 to 1%. The open land dominated by pasture and meadows had an average cover of 34%. Cropland covered less than 3% of the area.
In Zone I-b (ca. ad 1150-ca. 1350), the open land increased to 57% on average, of which pasture and meadows (46%) were the major land-use types. There was a high abundance of Cyperaceae (6%). The cover of Poaceae (14%) increased substantially within this zone. The cropland increased to 11%, dominated by Cerealia-type. The cover of conifers declined to 26% dominated by Picea. The deciduous woodland cover declined to 17%, particularly for Quercus (3%) and Alnus (4%).
Zone II (ca. ad 1350-ca. 1600)
This zone is characterized by high values in coniferous woodland cover, particularly for Picea, with an average value of 56%. At the transition to zone II, Picea increased to 51% followed by a drop to 43% in the 1400s and reached maximum values in the 1500s with 68%. Coniferous woodland cover increased at the expense of both deciduous woodland and open land cover. Shade-tolerant deciduous trees, particularly Quercus and Tilia, show a distinct decrease. The light-demanding trees dominated by Betula and Salix show an increase following the drop of Picea in the 1400s, and a decline continuing to Zone III-a. Reductions are seen in meadow and pastures (from 43 to 29%), and even dramatically in cropland (from 10 to 1.7%) compared to the previous zone.
Zone III (ca. ad 1600-ca. 1900)
A substantial decline is seen in the coniferous woodland cover, from 56% on average in the previous zone to 23% in this zone, particularly for Picea. The cover of Picea shows The zones represent land-use periods and are defined based on the variation of vegetation cover estimated by LOVE a drastic reduction throughout the zone, from 41% in the early 1600s to its minimum in the late 1800s. Meanwhile, the deciduous woodland cover increased from 14 to 23% on average, especially for the light-demanding pioneer trees. Betula and Alnus covered 19 and 12% of the lake catchment on average respectively in the 1800s. Tilia also increased during this period. Open land increased to 54% at the expense of coniferous woodland. Pastures and meadows covered 50% of the area on average. Cropland dominated by Cerealia-type shows relatively high values (5.5%) before ca. ad 1700, followed by a decline during the 1700s and an increase again from the early 1800s.
Zone IV (ca. ad 1900-ca. 2016)
An expansion of coniferous woodland cover is observed in this zone. The cover of Pinus and Picea increased to 17% and 44%, respectively, before ca. ad 2000, followed by declines in both Pinus and Picea in the early 21st century.
The cover of deciduous trees declined, particularly for the light-demanding deciduous trees, which decreased from 29 to 8% within this zone. Open land covered approximately 40%. The open land decreased before ca. ad 2000, followed by an increase to 60% in the 21st century. A reduction is seen in Cyperaceae. There was a general increase in cropland (8%), with a doubling of Cerealia-type compared to the previous zone, but a small decrease in the cover of Secale.
XRF records
The variations of the elemental intensity of K, Ti and Rb show a very similar pattern throughout the past 1,100 years (Fig. 4) . The first peaks of K, Ti and Rb are centred around ad 1350, followed by declines between ca. ad 1350 and ca. 1600. From ca. ad 1600, K, Ti and Rb increase gradually, followed by a more rapid increase in the 1850s until reaching the highest values around ad 1900, followed by rapid reductions of K, Ti and Rb until today. The values of Zn stay rather low before ca. ad 1900 and then increase rapidly, followed by a drop in the late 20th century.
TOC content and C/N ratio
The records of sediment TOC content and C/N ratio are shown in Fig. 4 . TOC content has an average value of 8.2% and ranges between 5.2 and 10.2%. TOC values remain relatively constant before ca. ad 1350 and gently increase between ca. ad 1350 and ca. 1750. From ca. ad 1750, TOC values show a quite substantial decline until reaching a minimum value of 5.2% in the early 1900s. A rapid increase is recorded throughout most of the 20th century.
The C/N ratio remains relatively low and nearly constant around 15.9 before ca. ad 1350, followed by slightly lower values between ca. ad 1350 and ca. 1750, and then a substantial increase to a maximum of 24.1 around ca. ad 1900. After ca. ad 1900, the C/N ratio declines rapidly until the present.
Discussion
On the basis of combining the records of LOVE-derived vegetation cover estimates, TOC, C/N and XRF, the local land-use and associated soil erosion history for the catchment of Lake Skottenejön over the last 1,100 years can be divided into four phases: the Medieval expansion (ca. ad 950-ca. 1350), the late Medieval crisis (ca. ad 1350-ca. 1600), the modern expansion (ca. ad 1600-ca. 1900) and the modern forestry (ca. ad 1900-present) (Fig. 4 ).
Medieval expansion (ca. ad 950-ca. 1350)
During this period, the local land-use was characterized by increased agricultural activities as indicated by the expansion of cropland (Fig. 4) . This change is likely associated with the Medieval expansion as evidenced by other data from southern Sweden (Larsson 1975; Berglund 1991; Lindbladh and Bradshaw 1998; Lindbladh et al. 2000; Myrdal 2011; Lagerås 2013; Fredh et al. 2019) . At the early stage of this period (ca. ad 950 to ca. 1150), the vegetation cover estimates show a decline in deciduous trees alongside an increase in Picea (Fig. 3) . This was a result of a continuing expansion of Picea in this region, to which it had arrived just a few centuries earlier from the north (Björkman and Bradshaw 1996; Giesecke and Bennett 2004; Bradshaw and Lindbladh 2005) . The increases in Cerealia-type and agricultural weeds, such as Rumex and Filipendula (Fig. 3) , reflect the development of cultivation and forest grazing (Lagerås 1996; Lindbladh et al. 2000; Poska et al. 2004 ). The expansion of farming was possibly caused by an increase in population and settlement in this area during the High Middle Ages. Strong population growth accompanied by agricultural expansion was seen throughout southern Sweden during this period (Larsson 1975; Berglund 1991; Lindbladh et al. 2000; Lagerås 2007 Lagerås , 2013 Myrdal 2011; Bragée et al. 2013) .
A phase of elevated soil erosion is indicated by increases in K, Ti and Rb between ca. ad 1200 and ca. 1350, which corresponds well with the expansion of cropland cover (Fig. 4) . Previous studies have shown that erosion resulting from agricultural activities in a lake catchment commonly increases not only the amounts of minerogenic material, but also the input of terrestrial organic matter to the lake, which can be traced by increasing C/N ratios and decrease in TOC content (Kaushal and Binford 1999; Meyers and Lallier-Vergés 1999; Routh et al. 2004; Das et al. 2009; Li et al. 2014) . However, at Skottenesjön the constantly high values of TOC and low values of C/N during the Medieval expansion (Fig. 4) suggest little change in terrestrial organic matter supply to sediment at this time. This is probably because of a relatively small-scale agrarian expansion during this period, not intensive enough in terms of forest disturbance to result in major erosion of organic-rich soils in the catchment. At this time, the ard was still the main soil treatment tool in this region of Sweden, where the plough only became widely used in the eighteenth century (Bringéus 2003) . Thus, the soils were not deeply ploughed and disturbed, which could be another reason why increasing organic input is not observed.
Late Medieval crisis (ca. ad 1350-ca. 1600)
Between ca. ad 1350 and ca. 1600, the vegetation cover estimates indicate a decline in the pastures and meadows and especially in arable fields which in the late 1300s covered less than a quarter of the area they did a century earlier (Fig. 4) . The abandonment of agricultural land was likely the consequence of population decline associated with the outbreaks of the plague at this time. The first plague epidemic (commonly known as "the black death") happened in most parts of Sweden in ad 1350 and was followed by several outbreaks in the second half of 14th century and at the beginning of the 15th century (Benedictow 2004; Myrdal 2012; Lagerås 2013) . The population decline at Skogaryd, which is located in a marginal agricultural area, might not only indicate that the area was particularly badly struck by the plague, but could also reflect a migration to more central agricultural regions, such as the more fertile coastal plains, where abundant farmlands became available in the wake of plague outbreaks (Lagerås 2013; Fredh et al. 2019 ). The agricultural decline was at first followed by an increase in coniferous woodland cover dominated by Picea, which was still expanding in the region after its arrival (Fig. 3) . A short period of decline in Picea cover is recorded in the vegetation cover estimates shortly after ad 1400. This change was probably not caused by agricultural expansion since cropland cover remained at a low value at the same time (Fig. 3) . This could imply that the Picea decline was instead the result of natural disturbances (e.g. fire, windfall or insect epidemics). A slight increase in Betula after the decrease of Picea is noted; Betula species are early-successional trees and can grow fast and be pioneers in disturbed forest areas when previously limited resources (light, moisture and nutrients) become available (Lagerås 1996; Sköld et al. 2010; Swanson et al. 2011) . Later, at ca. ad 1550, Betula was again outcompeted by the late-successional Picea (Fig. 3) .
A substantial decline in catchment erosion is seen at the onset of the Late Medieval crisis, indicated by much lower values of the lithogenic elements (K, Ti, Rb) compared to the previous time period (Fig. 4) . The slight decline in the C/N ratio (Fig. 4) was likely caused by reduced terrestrial organic matter input (Meyers 1994) , as a direct effect of increased forest cover on the catchment.
Modern expansion (ca. ad 1600-ca. 1900)
The early stage of this period (ca. ad 1600-ca. 1700) is characterized by increasing cover of cropland, pasture and meadows and light-demanding trees at the expense of coniferous woodland (Fig. 4) , which implies an expansion of animal grazing probably due to an increase in population in the study area (Lagerås et al. 1995; Lagerås 1996) . The recovery of the population seems to have been rather slow, approximately half-a-century later compared to other areas in Sweden (Lagerås 2013) , which is probably because the study site is located in a marginal area which was not the prime choice for settlement and farming. The short-lived expansion in agricultural and pastoral activity in the 1600s, recorded by elevated values of especially Cerealia-type, Rumex, Juniperus and Plantago (Fig. 3 ) may have been linked to the establishment of a manor house in the village Kyrkobyn (the church village) about 1.5 km from the western shore of Skottenesjön, which took place in the period ad 1669-77 (Hill 1999) .
After the expansion, considerable abandonment of farmland in the catchment of Skottenesjön is indicated by the substantial decline in the cover of cropland from ca. ad 1700 to ca. ad 1850 (Fig. 4) . Meanwhile, the historical records show an increase in the population of the Väne-Ryr Parish during this time period (Palm 2000) . The surprising concurrence of population increase and decreased agriculture activity can probably be explained by a change in the settlement pattern within the parish recorded in the historical records. The manor house had been converted into an ordinary farm by ad 1700, and in 1730 the old church in Kyrkobyn was torn down and relocated to its current position in the village Väne-Ryr, in the catchment of lake Ryrsjön 2.5 km away (Fig. 1) (Hill 1999 ). This may have been accompanied by a shift in the main cultivation area of the parish resulting in less overlap with the relevant pollen source area of Skottenesjön, leading to a decrease in indicator pollen taxa of agricultural activity at this time, despite the increase in the human population at the parish scale.
Usually, an agricultural decline in Sweden is accompanied by the re-establishment of forest (Lagerås 2007; Fredh et al. 2012; Cui et al. 2014) . However, the coniferous woodland dominated by Picea in the Lake Skottenesjön catchment continued to decrease throughout the 18th century and reached a minimum in the late 19th century (Fig. 3) . The land-use in the study area during this period was different as compared to other areas in southern Sweden where agricultural development at the expense of woodland in modern time has been shown (e.g. Berglund et al. 2008; Hultberg et al. 2017) . This difference can probably be explained by the special ownership and use of the forest which is today known as Skogaryd. In ad 1738, the right to use timber from the forest was leased to the steel factory Kollerö Bruk, founded in the early 18th century (Hill 1999) . The high demand for charcoal and wood fuel for the factory led to the gradual clearance of conifers (Fig. 3) . The continued need of building material for the local farmers also contributed to the decline, although their extraction of timber from the forest was strictly regulated; a large number of court cases from the 18th and 19th century listed by Hill (1999) show that illegal tree felling in the forest was common. The need for labour both in the factory and in the forest for charcoal making (Hill 1999) may have contributed to the abandonment of farmland, and grazing in the forest also became regulated in an attempt to protect the valuable wood resources. The deforestation of conifers gave an opportunity for light-demanding tree species, particularly Betula, and shrubs like Juniperus to expand (Fig. 3) .
The size of the local population reached a maximum in the late 19th century (Palm 2000) when the vegetation cover estimates also show a distinct increase in the cropland area, although pasture and meadow kept decreasing (Fig. 3) . In order to deal with the demand for cropland, the wetland Följemaden in the Skogaryd forest was drained by ditching in the 1870s and used for cultivation, mainly for oats (Avena) (Hill 1999) . Several small farmsteads were also established within the forest during the 19th century (Hill 1999) , most of which are now either abandoned or used for occasional occupation, but not cultivation.
Significant elevations in the lithogenic elements (K, Ti, Rb) were recorded in the sediment profile from ca. ad 1650 and they reached a maximum in ca. ad 1900 (Fig. 4) . These changes reflect intensified catchment erosion associated with human activities including the clearance of coniferous woodland and the development of drainage systems during the modern expansion phase (Boyle 2001; Koinig et al. 2003; Kylander et al. 2011) . Meanwhile, a distinct increase in C/N ratio (from 16 to 24) ( Fig. 4) was observed in response to elevated contribution of terrestrial organic matter to the sediments following the enhanced soil erosion (Meyers 1994) . The input of terrestrial carbon started to accelerate from ca. ad 1750 when the coniferous area was deforested by about two thirds (Fig. 4) . Simultaneously, the TOC content shows significantly decreasing values (Fig. 4) , which was probably the result of the dilution of sediment organic matter by a massive the input of minerogenic matter to the sediments (Meyers and Lallier-Vergés 1999) . Land-use during this period was much more intensive than during the Medieval expansion. The majority of the conifers were cut down for timber which led to a big change in forest structure (Fig. 3) . The highly intensive use of forest contributed to elevated terrestrial organic matter delivery to the lake due to decreased soil stability. In addition, new technologies including ditching and more advanced ploughing techniques used for soil treatment were introduced to make farming more efficient (Magnusson 2000) , which likely led to enhanced soil erosion. The elevated rates of both minerogenic and organic matter input are observed from the late 1800s ( Fig. 4) , which coincided with the establishment of the Följemaden drainage ditch close to the coring site in the 1870s, reflecting that the run-off through the ditching brought massive amounts of terrestrial detritus to the lake.
Modern forestry (ca. ad 1900-present)
The rapid increase in the conifers Pinus and Picea in the early 1900s at the expense of light-demanding trees, particularly Betula and Alnus (Fig. 3) , suggests the establishment of coniferous plantations and the onset of modern forest management. The open land cover was reduced, but it was mainly pasture and meadows which declined, while there was an increase in cropland (Fig. 3) . These changes are consistent with the general land-use changes in Sweden in the 20th century, where the traditional agricultural system with large areas for grazing and mowing was transformed into a landscape sharply divided into commercial forest and intensive crop cultivation (e.g. Björkman 2001; Åkesson et al. 2015; Mazier et al. 2015; Ning et al. 2018) . A weak recovery of shade-tolerant deciduous species is observed (Fig. 3) , which can be interpreted as the plantation of ornamental trees around farmlands and along roads (Gaillard et al. 1991; Rasmussen 2005) . From the early 21st century, the changes of vegetation cover estimates indicate a distinct increase in the openness in the study area (Fig. 3) , which is likely attributed to clear-cutting of the managed forest.
The geochemical proxies indicate a drastic change in soil erosion to Lake Skottenesjön. The rapidly decreasing values of lithogenic elements K, Ti and Rb reflect a large reduction in catchment erosion resulting from the reforestation (Fig. 4) . The drop in C/N ratios indicates that the contribution of land-derived organic matter substantially declined and that the contribution of aquatic organic matter dominated the lake sediments (Meyers and Teranes 2001) . Sweden had started the transition from an agrarian country to an industrial country, and people moved to urban areas from the early 20th century (Bragée et al. 2013) . The population in Väne-Ryr Parish began to decline from the 20th century, in response to the migration associated with the development of urban areas (Palm 2000) . Haas et al. (2019) showed that recovery of the erosion regime after a population decline can take several centuries at some sites, whereas the situation at Skogaryd seems to be that the system responds much more rapidly, within a few decades. In the sediment profile, the influence of industrialization is represented by a peak in the heavy metal element Zn (Bragée et al. 2013) , which declines again at the very top of the core, probably in response to modern control on industrial air pollution.
Conclusions
Human activities greatly affected the environmental changes in the Skogaryd area during the past 1,100 years. Variations in the TOC, TN and XRF data, as well as LRA estimated land-cover show that deforestation, agriculture, drainage and other human activities in the lake catchment modified the terrestrial organic and inorganic matter deposition in the lake. The results show that the Skogaryd area was very sensitive to variations in the extent and intensity of agricultural activities associated with societal changes. Between ca. ad 950 and ca. 1350, the local land use was characterized by small-scale agricultural activities associated with the Medieval expansion. Starting from ca. ad 1350, much of the farmland was abandoned and coniferous woodland cover expanded as a consequence of population decline due to plague outbreaks, and erosion in the catchment declined. In the 1600s, agricultural land-use expanded again in response to the population increase, as seen in many other parts of Sweden. However, during the modern time, the land-use history of the study area, as reflected by both the LRA results and local historical records, differed from the general development of southern Sweden. From ca. ad 1700 to ca. 1850, abandonment of agriculture and deforestation of conifers are observed, which can be attributed to the high demand for fuel and labour for a local steel factory set up in the early 1700s and active until the late 1800s. The intensive use of the forest was accompanied by increased erosion. Artificial drainage was established to create more arable land to sustain the population in the late 19th century when the population in the area reached a maximum. This resulted in accelerated export of terrestrial organic matter from the catchment to the lake. From the 20th century, forestry management started with the plantations of Picea and Pinus, resulting in reduced input of both organic and minerogenic matter to the lake within a few decades. The findings of this study are helpful in completing the regional land-use history and for better understanding the impacts of land-use changes on elemental cycles in a long-term perspective, which are fundamental for the development of strategies for environmental management and ecosystem services.
